Abstract Transposon-directed insertion site sequencing was used to identify genes required by Bacillus thuringiensis to survive in non-axenic plant/soil microcosms. A total of 516 genetic loci fulfilled the criteria as conferring survival characteristics. Of these, 127 (24.6 %) were associated with uptake and transport systems; 227 loci (44.0 %) coded for enzymatic properties; 49 (9.5 %) were gene regulation or sensory loci; 40 (7.8 %) were structural proteins found in the cell envelope or had enzymatic activities related to it and 24 (4.7 %) were involved in the production of antibiotics or resistance to them. Eighty-three (16.1 %) encoded hypothetical proteins or those of unknown function. The ability to form spores was a key survival characteristic in the microcosms: bacteria, inoculated in either spore or vegetative form, were able to multiply and colonise the soil, whereas a sporulationdeficient mutant was not. The presence of grass seedlings was critical to colonisation. Bacteria labelled with green fluorescent protein were observed to adhere to plant roots. The sporulation-specific promoter of spo0A, the key regulator of sporulation, was strongly activated in the rhizosphere. In contrast, the vegetative-specific promoters of spo0A and PlcR, a pleiotropic regulator of genes with diverse activities, were only very weakly activated.
Introduction
Bacillus thuringiensis [41] is a biotechnologically exploited biopesticide that has far greater usage world-wide than any other environmental micro-organism [2] . In spite of this, and in common with other endospore-forming bacteria, relatively little is known about the mechanisms by which it survives in the environment. The proliferation during pathogenesis within susceptible invertebrates is well studied [41] and it has been shown that spores in the soil are able to colonise the phylloplane from germinating seeds [4] . There is evidence that B. thuringiensis can exist in the guts of earthworms [20] which has also been reported to be a facet of the ecology of Bacillus anthracis in the soil [42] . These two species share such a great genetic similarity that they should be considered to be variants of the same species [15] . As a consequence, a further usage of B. thuringiensis is as a surrogate for the threat agent, B. anthracis [38] .
In spite of the very high degree of genetic homology between these two species [22] , one notable difference is that B. thuringiensis is ubiquitous in the soil, even in extreme latitudes [35] , while B. anthracis only occurs naturally in highly defined locations [18] .There is no obvious explanation for this, where B. anthracis does multiply in the soil the presence of plant roots seems to be important [25, 39] . One proposal has been that B. anthracis has a non-functional version of the pleiotropic genetic regulator PlcR [13, 27] . In B. thuringiensis this regulator is important in invertebrate pathogenesis and controls a wide range of functions including degradative enzymes, bacteriocins, transporters and environmental interactions [13, 19] .
Signature-tagged mutagenesis (STM) [16] has frequently been used as a negative screening technique, particularly for genes important in pathogenesis [29] . In contrast, very few similar investigations of microbial ecology have been carried out [8, 14, 28, 33] . By exploiting the power of high throughput pyrosequencing it has become possible to sequence very large libraries of DNA fragments. Using this approach, a technique termed transposon-directed insertion site sequencing (TraDIS) has been developed [12, 24, 45] . A saturation library of non-tagged transposon mutants is made and constitutes the input pool. Those bacteria remaining after a survival challenge are termed the ouptut pool. Multiple sequencing reads are obtained of the loci adjacent to the transposon in both pools. Those loci present in the input pool but absent in the output are assumed, if they pass certain statistical criteria, to have been important in the survival challenge: the inactivation of that gene by transposon insertion has resulted in the loss or decrease in number of bacteria carrying the insertion at that site. Moreover, a numerical reflection of the importance of that gene can be derived by dividing its frequency in the input pool by that in the output pool. This figure can be termed as 'Survival Factor'. We used TraDIS to identify the genes that are required by B. thuringiensis to survive in a plant/soil microcosm. This information could be useful in increasing the exploitation of this organism as a biopesticide. Furthermore, in view of their close similarity, information on the soil survival strategies of B. thuringiensis could provide important insights into the persistence mechanisms of B. anthracis and might lead to novel decontamination methods.
Materials and Methods

Bacterial Strains, Vectors and Culture Conditions
Bacillus thuringiensis strain 158-S-2 was selected from a number of isolates recovered from the phylloplane of clover [3, 5] because of its ability to colonise the rhizosphere and its amenability to electroporation and DNA extraction. To evaluate the proportion of bacteria in a population in the sporulated form, a heat shock of 20 min at 68°C was employed to kill vegetative cells. The difference in colony counts between the number appearing on Tryptone Soy Agar (TSA) (Oxoid), with and without heat shock, represented the proportion of heat-sensitive, vegetative cells. The minimal medium used was BM [32] with 0.1 % glucose (w/v) as the carbon source. Routine liquid culturing used Tryptone Soya Broth (TSB) (Oxoid). Escherichia coli was grown using Luria-Bertani (LB) [40] agar and broth.
The plasposon pAW068, developed for use with B. anthracis, was a gift from (Prof. Marta Perego, Scripps Institute, La Jolla, CA, USA). It was electroporated into B. thuringiensis 158-S-2 and transformants selected for growth at 28°C in the presence of chloramphenicol (7.5 lg ml -1 ) and spectinomycin (100 lg ml -1 ). Transformed cells were cultured overnight at the non-permissive temperature for plasmid replication (35°C) [48] . Cells were selected with a phenotype of chloramphenicol sensitivity but spectinomycin resistance, indicating integration of the transposon with loss of the plasmid. Inverse PCR [48] and sequencing of eight clones indicated that random integration had occurred (data not shown). This population of bacteria were expected, collectively, to represent a saturation library of transposon insertion throughout the genome and was termed the 'input pool'. Prior to inoculation into the microcosms, the input pool was grown statically at room temperature in a mixture of BM:TSB media (75:25) overnight. The early vegetative phase bacteria were quantified spectrophotometrically, harvested by centrifugation at 6,0009g and washed in PBS.
The GFP/lux reporter plasmid (pDestpUNK) [34] was a gift from Prof. Phil Hill (University of Nottingham, UK). TOPO-TA kit for cloning PCR products and TOP10 E. coli competent cells were purchased from Promega. The chloramphenicol resistance-encoding plasmid pBBRMCS1 [43] and the suicide plasmid pRN5101 [46] were provided by Dr Colin Berry (University of Cardiff, UK).
Construction of spo
-strain of B. thuringiensis PCR primers (Supplementary Information, Table 1 ) were based upon the published sequence of the spo0A gene in B. thuringiensis [26] . Amplification (94°C, 2 min; 35 cycles of: 94°C for 30 s, 52°C for 30 s, 72°C for 30 s; 72°C for 7 min) resulted in a 1.7 Kb product from strain 158-S-2 which was cloned into the TOPO-TA vector (Invitrogen). The chloramphenicol-resistance gene from pBBRMCS1 was amplified using the thermal cycling profile, above, and the primers listed in Supplementary Information, Table 1 , which incorporate AccI restriction enzyme sites at the 5 0 ends. After digestion with AccI the chloramphenicol gene was ligated into the spo0A gene in TOPO-TA plasmid. The resulting constructs were transformed into competent cells of E. coli (TOP 10, Invitrogen) and selected on LB agar containing chloramphenicol (10 lg ml -1 ). The resulting clones were screened on the basis of producing amplification with the spo0A primers commensurate with the insertion of the chloramphenicol gene. The disrupted gene was amplified with M13 primers (Supplementary Information, Table 1 ), blunt ended and ligated into the EcoRV cloning site of the temperature-sensitive suicide plasmid pRN5101. This was electroporated into B. thuringiensis strain 158-S-2 and transformed colonies selected on LB agar containing chloramphenicol (10 lg ml -1 ). Electrotransformants were grown overnight in TSB containing chloramphenicol (10 lg ml -1 ) at the non-permissive replication temperature for pRN5101 (37°C). Surviving cells could only maintain the required chloramphenicol resistance gene by homologous recombination between the functional, chromosomal copy of the spo0A gene and the disrupted, plasmid-borne fragments. Colonies were screened for the correct phenotype and PCR amplification products. These were then verified by DNA sequencing.
Construction of Promoter Reporter Plasmids
The sporulation-specific ('spospo') and vegetative-specific ('spoveg') promoters of the B. thuringiensis spo0A gene [26] were amplified from B. thuringiensis 158-S-2 using the primers listed in Supplementary Information, Table 1 and the amplification conditions above. Synthetic complementary oligonucleotides (Supplementary Information, Table 1 ) of a consensus sequence from 28 PlcR activation boxes [13] were synthesised (Sigma Genosys). After annealing, the double-stranded DNA was amplified using the Gateway cloning plcR primers [26] (Supplementary Information, Table 1 ). All amplifications used Platinum Pfx polymerase (Invitrogen) and the amplification profile above. All three promoters were inserted into the pDest-PUNK reporter plasmid using the Gateway cloning kit (Invitrogen).
Electroporation
Electroporation was carried out as previously described in [6] , except that 4-mm gap cuvettes (MicroBiosystems) were used and that bacteria were incubated after electroporation in brain heart infusion (BHI) broth (Oxoid) containing 0.5 % glycerol (Sigma) for 90-min at 30°C, with shaking, before plating onto BHI agar containing the appropriate selective antibiotic.
Microcosms
The soil was obtained from the site where the bacteria were isolated and was a chalky loam whose composition was previously reported [3] . The following plants (Emorsgate Seeds) used were: Avenula pratense (meadow oat grass), Dactylis glomerata (cocksfoot), Festuca pratensis (meadow fescue), Festuca rubra (red fescue) Lolium perenne (ryegrass), Schedonorus arundinacea (tall fescue), Phleum pratense (Timothy) and Trifolium pratensis (red clover). Seeds were germinated and grown in non-sterile tap water to a root length of about 2 cm. Ten seedlings, two of each species, were transplanted into each of 24 wells (3.5-cm diameter) in multiwell plates (Nunc) and soil (*8 g) added. The soil was then inoculated with a bacterial suspension. Distilled water was added to moisten the soil and the plates were then incubated at 20°C, 12:12, light:dark photoperiod and 80 % humidity in an environmental cabinet (Weiss-Gallenkamp).
Recovery of Bacteria From the Microcosms
After 2 weeks, the bacteria were recovered from the microcosms by shaking the contents of each well in soil extraction buffer (0.5 % (v/v) Tween 20 and 0.1 % (w/v) sodium pyrophosphate) to a total volume of 45 ml for 20 min at setting 8 on a random motion oscillator (WeissGallenkamp). To enumerate the cell density serial dilutions were made in sterile PBS and plated in duplicate onto TSA containing spectinomycin (100 lg ml -1 ) with penicillin (80 lg ml -1 ) and polymyxin (20 lg ml -1 ). Exploiting the inherent resistance of B. thuringiensis to the latter two antibiotics helped suppress the contaminants that were otherwise able to grow through the spectinomycin selection.
To recover the bacteria, slurry (8 ml) obtained from shaking the soil with extraction buffer was loaded onto 5 ml of Histodenz (Sigma), made to a density of 1.3 g l -1 , in 15 ml tubes (Falcon). These were centrifuged at 5,0009g for 1.5 h. The layer containing the bacteria was aspirated with a sterile Pasteur pipette. The population of B. thuringiensis recovered was termed the 'output pool'.
Preparation of Sequencing Libraries
Genomic DNA was initially extracted from the input and output pools of both B. thuringiensis 158-S-2 using the Pure Gene kit (Qiagen). Each DNA pool (5 lg) was fragmented by nebulisation (30 psi nitrogen for 6 min using an Invitrogen nebuliser) and the resulting fragments sizeassessed on an Agilent Bioanalyser High Sensitivity chip. Fragmented DNA was resolved on a 2 % (w/v) agarose gel and DNA in the size range 250-400 bp excised and purified using a QiaExII gel extraction kit (Qiagen). The fragment libraries were end-polished and A-tailed using a NEBNext DNA library preparation kit for the Illumina sequencing (New England Biolabs), ready for adapter ligation. Double stranded adapters Ind_Ad_T and Ind_Ad_B (Supplementary Information, Table 1 ) were annealed and ligated to the fragment libraries. These were quantified by qPCR using the primers Ad_T_qPCR1 and Ad_B_qPCR2 (Supplementary Information, Table 1 ) using an Illumina library quantification kit (KAPA Biosystems), according to the manufacturer's instructions. Adapter-ligated fragments were then enriched for those specifically containing a transposon insertion site using PCR primers with homology to the 3 0 inverted repeat sequence of pAW068. The PCR thermal cycle was as follows: 90°C for 30-s, followed by 24 cycles of 98°C for 10-s; 65°C for 30-s and 72°C for 30-s. The first four cycles contained only the transposon-specific primer to maximise enrichment of the transposon-associated fragments. The transposon specific primers also contained the Illumina P5 end for attachment to the Illumina flow cell: pAW068-p5 (Supplementary Information, Table 1 ). The reverse primer, RInV3.3, (Supplementary Information, Table 1 ) which contained the Illumina P7 end, was added at the start of the fifth cycle. To limit PCR bias, multiple PCR reactions were run in parallel and pooled after size selection to generate sufficient concentrations of library material. PCR products were resolved on a 2 % (w/v) agarose gel. Successfully amplified products were purified and size-fractionated by gel electrophoresis and the DNA recovered using a QiaExII gel extraction kit (Qiagen)
Analysis of Survival Genes
The sequence data were analysed by the Integrative Genomics Viewer software [37] . Statistical analysis [10] has shown that a minimum of 32 sequence reads is required in the input pool for a given gene locus to be confident that any decrease in frequency in the output pool is significant. Furthermore, the same study demonstrated that a twofold decrease in the frequency of a gene locus in the ouput pool compared to the input is the threshold level that a transposon insertion has resulted in a loss of fitness. These criteria were adopted for the data presented here. A survival factor was obtained for each gene locus meeting these requirements by dividing the number of reads for the output pool for that of the input pool. The European Molecular Biology Laboratory (EMBL) database was used to compare the DNA sequences to the reference sequence of B. thuringiensis BMB171 [17] .
Attachment of Fluorescent Bacteria to Roots
Microcosms were inoculated as above but using B. thuringiensis containing the pDestpUNK expression vector under the control of either the plcR, spoveg or spospo promoter. After 1 week, the seedlings were carefully pulled from the soil and washed in PBS. The roots were excised and mounted on a slide for examination by confocal microscopy (Zeiss Observer Z1).
Results and Discussion
Preparation of B. thuringiensis Inoculum
The initial intention was to use a sporulation-deficient (spo0A -) mutant to ensure that the bacteria had to use mechanisms to survive that were available in the vegetative state rather than immediately sporulating. The survival of this mutant in the microcosms was very poor compared to the wild-type (Fig. 1 ) which proliferated. The wild-type strain was used for all subsequent experiments. Prior to inoculation of the saturation transposon library into the microcosms it was cultured through several cycles of sporulation and germination to remove any mutants that were deficient in sporulation, as this was now known to be an important survival factor. Furthermore, the saturation library was cultured in minimal medium to remove mutations in central metabolic pathways which might not be lethal in a rich medium, but which would not be directly related to soil survival. Bacteria grown on minimal medium directly before inoculation survived poorly in the microcosms (data not shown). For this reason the input pool was cultured in a mixture (75:25) of minimal:rich media (see 'Materials and Methods' section). The minimum inoculum density that would result in colonisation of the microcosms was 4 9 10 5 CFU g -1 soil -1 (data not shown). Higher inocula did not produce an appreciably greater final cell density than that shown in Fig. 1 . The minimum inoculum level possible was chosen to avoid socalled stochastic errors or selection bottlenecks [10, 29] : mutants that might have been capable of persisting through the challenge are lost simply because too many bacteria were initially inoculated. Equally, attenuated bacteria survive because they do not experience a sufficiently stringent survival challenge. This results in random loss or survival, respectively, in the output population. Sufficient bacteria were harvested in the output pool to provide greater than a 100-fold increase beyond the input pool to expect, at the 95 % confidence interval, that a particular mutant has been lost due to failure to survive as opposed to chance [9] . 
Summary of Genes Required for Survival in the Microcosms
Bacillus thuringiensis strain BMB171 [17] has a genome of 5.64 Mb and contains 5,088 open reading frames. It was used to annotate the TraDIS sequences from the environmental strain of B. thuringiensis used. A total of 516 genetic loci fulfilled the criteria for conferring survival characteristics. Of these, 127 (24.6 %) were associated with uptake and transport systems (Supplementary Information, Table 2A ); 227 loci (44.0 %) coded for enzymatic properties; 49 (9.5 %) were gene regulation or sensory loci (Supplementary Information, Table 2B ); 40 (7.8 %) were structural proteins found in the cell envelope or had enzymatic activities related to it (Supplementary Information, Table 2C ); and 24 (4.7 %) were involved in the production of antibiotics or resistance proteins (Supplementary Information, Table 2D ). 83 (16.1 %) encoded hypothetical proteins or those of unknown function. The full list of genetic loci identified as being involved in soil survival are listed in Table 2 , Supplementary Information.
Taken together, these findings demonstrate that the microcosm challenge was a very stringent test of environmental survival. This can be seen from the dependence: (i) on nutrient uptake and transport systems (ii) regulatory mechanisms to optimize gene expression (iii) the production of and protection against antibiotics and other harmful substances and (iv) the production of enzymes to hydolyze nutrient sources and metabolise those carbon sources found in the soil and rhizosphere.
Cell Envelope
Of the 40 cell envelope proteins required for soil survival over half were involved in peptidoglycan synthesis (Supplementary Information, Table 2C ). Given that the bacteria had been grown in minimal medium prior to inoculation into the microcosms it might seem unexpected that any mutants in peptidoglycan synthesis remained. It is well known, however, that bacteria can change their cell envelope in response to the external environment and their physiological state. In a classic chemostat study [11] it was shown that Bacillus megaterium actively replaced accessory polymers to optimize nutrient availability. The thickness and degree of cross-linking of peptidoglycan is also variable and it may be that a stronger wall is required in the soil than in laboratory culture media. Autolysins may also play a part in biofilm production and cell-cell interactions [21] . Proteins active in the cell envelope during cell division were also highlighted, indicating that this process may be more exacting in the environment than in vitro. Whatever the reasons, many examples exist of transposon mutagenesis uncovering peptidoglycan synthesis genes being required during pathogenesis and environmental persistence [14, 28, 30, 31] . An inability to sporulate is also disadvantageous, as illustrated in Fig. 1 . In corroboration of this, the survival of mutants in the sporulation inhibitor gene, soj (BMB171_C5080) [36] , was also decreased (Supplementary information, Table 3 ).
Transport and Competition Mechanisms
Further evidence of the dynamic nature of the existence of B. thuringiensis in the microcosms is given by the fact that nearly 25 % of the persistence genes identified were involved in transport mechanisms (Supplementary Information, Table 2A ). The necessity for the bacteria to import metal ions and small organic compounds, for example, was evidently crucial for their ability to colonise and persist. In addition to the genes involved in antibiotic production or resistance ( Supplementary Information, Table 2D ) at least 13 of the transport mechanisms identified in Supplementary Information, Table 2A , could function as antibiotic efflux pumps. Together, this represents 37 genes, 7.2 % of the total, which participated in antibiotic production or resistance. The concept of Bacillus species residing in the soil predominantly in spore form would appear to be unjustified: spores do not participate in transport mechanisms, nor do they produce or become susceptible to antibiotics. Clearly, B. thuringiensis was actively involved in extensive competition in order to establish niches in these microcosms. In addition to antibiotics, both B. thuringiensis and B. anthracis engage in a more subtle means of undermining some competitors. Acyl homoserine lactones (AHLs) are quorum-sensing pheromones that some Gram-negative bacteria produce to communicate with each other [44] . They are used during pathogenesis and in biofilm formation, for example, and also to initiate antibiotic synthesis. Both Bacillus species are able to produce lactonases which degrade these messengers [44] . It was shown here that disruption of the lactonase gene (BMB171_C2975; Supplementary Information, Table 3 ) decreased microcosm fitness.
Gene Regulation
Nearly 10 % of the loci required for persistence in the microcosms were gene regulators or sensory mechanisms ( Supplementary Information, Table 2B ). Their appearance is further evidence that the inoculated bacteria were metabolically active and that a wide range of functions was necessary. The regulators with the four highest survival factors are: a two-component, intracellular signal transduction regulator (BMB171_C2783); the main house-keeping RNA polymerase signal factor (BMB171_C3957); the regulator of an enzyme with a gluconeogenic function (BMB171_ C3961) and a regulator of autolysis (BMB171_C5036). This
demonstrates the diversity of functions found necessary for persistence in the microcosms. It is also of interest that mutants in five methyl-accepting chemotaxis genes (BMB171_C0363, BMB171_C1792, BMB171_C3193, BMB171_C4620, BMB171_C0497) exhibited decreased survival in the microcosms (Table 2B) . Strain 158-S-2 which was used in these experiments is amotile, at least in vitro. The chemotaxis genes must, however, be required for some, as yet, unknown function. B. anthracis is also amotile but contains chemotaxis genes.
Energy Generation and Carbon Metabolism
Key indicators that nutrient supply was not plentiful are the attenuation caused by mechanisms orchestrating the response to limited carbon levels such as carbon starvation protein A (BMB171_C5010) and the regulator of carbon metabolism, CcpA (BMB171_C4314) (Supplementary Information, Table 2B ). Isocitrate lyase (BMB171_C0994) and malate synthase (BMB171_C0993) which are enzymes of the glyoxylate, anaplerotic pathway were also survival factors (Supplementary Information, Table 3 ). In addition, storage compounds were important for persistence, e.g. glycogen synthase (BMB171_C4503), 3-hydroxybutyrate dehydrogenase (BMB171_C3694) and 3-hydroxybutyryl CoA dehydrogenase (BMB171_C4939) (Supplementary Information, Table 3 ). The archetypal member of its genus, Bacillus subtilis, and its closest relatives, are specialist soil-dwelling organisms and have a large part of their metabolism devoted to carbohydrate utilization. In contrast, B. thuringiensis and B. anthracis have a limited number of sugars and polysaccharides that they can metabolize [19] . Instead, they both have a greater number of peptide and amino acid transporters and amino acid degradation pathways than B. subtilis. This has been taken as evidence that a pathogenic life-style is much more common for both B. thuringiensis and B. anthracis [19] . As evidence in support of this the results here show few pathways involved in the degradation of extracellular polysaccharides (e.g. glycoside hydrolase, BMB171_C2152 and pullulanase, BMB171_C2448) but a large number of proteases ( Supplementary Information, Table 3 ) and transport systems for amino acids (Supplementary Information, Table 2A ) are required for environmental survival. Collagen adhesion protein is conserved between members of Bacillus cereus sensu lato. Attachment to collagen during pathogenesis has been shown to be a feature of some strains of B. cereus sensu stricto [23] . This may be advantageous during interactions with invertebrates by both B. thuringiensis and B. anthracis [20] . In the context of environmental survival this wall-anchored adhesin might be used to attach to invertebrates or to another macromolecule altogether. Two genes encoding collagen adhesion proteins were identified as survival factors (Supplementary Information, Table 3 : BMB171_C2270 and BMB171_C0765). This might seem coincidental on its own, but two genes with high survival factors (BMB171_C3206 and BMB171_C3432) had collagenase activity. Conceivably, the degradation of collagen or related proteins is an important survival mechanism in these bacteria which rely heavily on amino acid metabolism. Inactivation of immune inhibitor A, a metalloprotease capable of cleaving insect antibacterial peptides (BMB171_C0585), also resulted in attenuated persistence ( Supplementary Information,  Table 3 ). An ortholog of this gene occurs in B. anthracis and its value in environmental survival, like collagenase, may be as a non-target specific protease.
Colonisation of the Rhizosphere A close association with plant roots has been implicated in the presence of B. anthracis in a vegetative state in soil [39] . This was further investigated using B. thuringiensis expressing green fluorescent protein (GFP) from the pDestpUNK expression vector. The sporulation-and vegetative-specific, 'spospo' and 'spoveg' promoters, respectively, of spo0A and a concensus PlcR recognition box were used as separate promoters for GFP (Supplementary Information, Table 1 ). The bacteria were inoculated into microcosms and incubated for 1 week. The seedlings were Fig. 2 Confocal micrograph of B. thuringiensis cells (green) containing the pDestpUNK expression vector incorporating the spo0A sporulation-specific ('spospo') promoter. The bacteria were allowed to colonise soil microcosms containing grass seedlings for 1 week prior to extraction and washing. They were observed to be firmly attached to the roots (red arrow) and root hairs (white arrow) (Color figure online) pulled out and the roots gently washed in phosphate-buffered saline (PBS) to remove any residual soil. They were then examined under confocal microscopy (Fig. 2) . Fluorescent bacteria, containing the spospo promoter were clearly visible and were firmly attached to the roots and root hairs. Being non-motile, like B. anthracis, attachment to the root might be a vital persistence mechanism for B. thuringiensis because the root is a source of organic acids, sugars, polysaccharides, proteins and amino acids [1] . Nevertheless, the bacteria appeared to be in the process of sporulating, having activated the sporulation-specific promoter. This implies that a flux between spore and vegetative forms may be a feature of soil persistence: the proportion of the transposon-tagged bacteria in the microcosms present in spore form ranged between 30 and 70 % over a 2-week period, varying unpredictably between the times of sampling and within samples taken at the same time. Even for strains of the B. cereus sensu lato group that possess flagella, translocation through the soil seems to be effected by a multicellular mode of growth involving cell elongation rather than flagellar activity [47] . All three promoter constructs resulted in strongly fluorescent bacteria in laboratory media (although the signal from the spospo promoter was noticeably stronger). Even under prolonged exposure times the cells carrying the spoveg and PlcR box promoters were only faintly visible in the microcosms, implying that they were not strongly activated under these conditions.
One difference between B. thuringiensis and B. anthracis is that the arginine deiminase operon (Fig. 3) is deleted in the latter [19] . Only one gene of the operon emerged as being required for soil persistence for B. thuringiensis, the arginine/ornithine transporter (BMB171_C0350). The other members of the operon had insufficient reads to render a statistically significant difference between input and output pools. Incomplete identification of all members of an operon has been previously reported [10] . It is interesting that this pathway allows Streptococcus pyogenes to survive acidic conditions in culture media through the release of ammonia [7] . It has been postulated that this operon has been deleted in B. anthracis because ammonia interferes with its mechanism of pathogenesis [19] . While there is, as yet, no proof that the lack of this pathway confines the vegetative multiplication of B. anthracis to alkaline soils it may be a contributing factor.
A very large amount of data have been generated which, hopefully, will allow aspects of the soil survival of related bacteria to be examined. To the best of our knowledge this is the first report of the application of the TraDIS technique to an environmental study. The use of non-axenic microcosms was crucial for replicating the intense competition that bacteria are imagined to experience in the environment. The requirements to scavenge nutrients and to engage in antimicrobial interactions are examples of this. Cell wall metabolism and sporulation appear to be as much dynamic responses to the environment as is gene regulation. It is evident, therefore, that even spore-forming organisms have active mechanisms for establishing themselves in the soil and colonising the rhizosphere.
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Arginine/ ornithine deiminase antiporter Fig. 3 The arginine deaminase operon of B. thuringiensis which is deleted in B. anthracis [19] . The shared genes flanking the deletion (methyl accepting chemotaxis protein and exoalpha-1,4-glucosidase) are shown between the two chromosomal segments
